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Two alleles of an eyeless mutant, chokh (chk), were identified in ongoing zebrafish F3 mutagenesis screens. Morphologically, chk mutants
can be identified at 15 h post-fertilization by the failure of optic primordia to evaginate from the forebrain. The chk phenotype appears specific,
as marker genes in the forebrain, midbrain, and pineal are expressed in normal temporal, spatial, and circadian patterns. Sequence analysis of
the chk alleles revealed nonsense or missense mutations in the rx3 homeobox. Rx genes encode paired-type homeodomain transcription factors
known to be key regulators of eye development in mouse, medaka, Xenopus, and zebrafish. To uncover novel Rx targets, we analyzed the
expression of multiple eye development genes in chk. We find that expression of mab21l2, mab21l1 and rx2 are specifically absent in the eye
field of chk embryos. Knockdown of Mab21l2 by antisense morpholino microinjections partially phenocopies the rx3 mutation, leading to
microphthalmia, incomplete eye maturation, and dramatic increases in apoptotic eye progenitors. We propose that mab21l2 is an early
downstream effector of rx3 and is critical for survival of eye progenitors.
D 2004 Elsevier Inc. All rights reserved.Keywords: Zebrafish; Eye development; Retinal homeobox; mab21l2; Mutagenesis; Retinal progenitorIntroduction
The vertebrate eye is a highly specialized organ re-
sponsible for vision. Eye formation is a multi-step process
involving cell proliferation, migration, apoptosis, and dif-
ferentiation (Chow and Lang, 2001; Easter and Malicki,
2002). The morphological changes that occur during ver-
tebrate eye formation are well characterized and are
conserved among vertebrates. In zebrafish, the location
of the eye field is specified within the forebrain by the end
of gastrulation, approximately 8 h post-fertilization (hpf).
The eye field, initially a single area, splits into two optic0012-1606/$ - see front matter D 2004 Elsevier Inc. All rights reserved.
doi:10.1016/j.ydbio.2004.02.026
Abbreviations: dpf, days post fertilization; Rx, retinal homeobox; WT,
wild-type; (chk), chokh; RPC, retinal progenitor cell.
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E-mail address: brendan.kennedy@ucd.ie (B.N. Kennedy).primordia during the neural plate stage at approximately 15
hpf (Woo et al., 1995). Detailed scanning electron and
light microscopy studies of early zebrafish eye formation
have provided a morphological framework against which
to analyze developmental mutations (Schmitt and Dowling,
1994). In contrast to this comprehensive body of morpho-
logical information, the molecular cascade responsible for
eye formation is only partially defined.
Several homeodomain transcription factors, including
pax6, rx, six3, and otx2 are needed for the earliest steps of
vertebrate eye formation. Knockout of pax6 (Hill et al.,
1991, 1992) or rx (Mathers et al., 1997) in mice causes
microphthalmia or anophthalmia and overexpression of six3
(Lagutin et al., 2001; Loosli et al., 1999) or pax6 (Chow et
al., 1999) causes ectopic eye formation. Otx2 is expressed
throughout the anterior forebrain early in embryogenesis,
but at late gastrula stages, its expression is down-regulated
in the eye field (Li et al., 1994; Mori et al., 1994).
Expression of otx2 in the anterior Xenopus neural plate is
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repression may be critical for patterning the eye field (An-
dreazzoli et al., 1999). Together, these and other findings
(Chow and Lang, 2001; Chuang and Raymond, 2002; Lupo
et al., 2000; Mathers and Jamrich, 2000) indicate the
importance of these genes for patterning the eye field and
for initiating eye formation.
One way to understand the genetic network that forms
the eye is to study mutants with specific phenotypes
caused by disruption of single genes. In mice, there is a
single Rx gene that is expressed initially in the anterior
neural plate. Subsequently, its expression is restricted to the
developing eye and ventral forebrain (hypothalamus and
pituitary). Disruption of the murine Rx gene causes anoph-
thalmia, absence of forebrain and/or midbrain, and neonatal
death (Mathers et al., 1997). Mice with a hypomorphic Rx
allele are viable but display anophthalmia, defects in
hypothalamic morphology, and disturbances in circadian
rhythms (Faradji-Prevautel et al., 1990; Laemle and
Ottenweller, 1998; Tucker et al., 2001). Recently, hypo-
morphic alleles of the rx3 isoform were found to cause
anophthalmia in the spontaneous medaka mutant, eyeless
(Loosli et al., 2001; Winkler et al., 2000), and in the
zebrafish mutant, chokh (Loosli et al., 2003). In eyeless,
the optic primordia fail to evaginate from the forebrain but
there are no other gross defects in brain morphology.
Although characterization of these mutant animals has
revealed the importance of Rx genes, the downstream
targets of Rx have not been identified.
Here, we report two alleles of the zebrafish mutant,
chokh (chkw29 and chkhu499), that completely and specif-
ically lack eyes. We first identify the molecular basis of
both chk alleles as mutations in the homeodomain of the
zebrafish rx3 gene. chk was utilized to assess the speci-
ficity of the eyeless phenotype, and to evaluate the role of
rx3 in the development of circadian rhythms and the
hypothalamus. We then use chk to identify downstream
targets of rx3 during eye morphogenesis. We find three
genes, mab21l2, rx2, and mab21l1, with temporal expres-
sion similar to rx3 that are not expressed in the eye field
of chk embryos.
Vertebrate mab21l1 and mab21l2 are orthologues of the
Caenorhabditis elegans mab21 gene, a developmental reg-
ulator of male tail development (Chow et al., 1995; Mariani
et al., 1999). The functions of these genes are unknown and
the gene products exhibit no significant homology to other
proteins. A role for mab21l2 in eye formation has been
suggested based on its expression in the eye field and in the
undifferentiated eye (Kudoh and Dawid, 2001; Mariani et
al., 1998; Wong and Chow, 2002). Mouse knockouts
suggest a critical role for mab21l1 in lens induction whereas
mab21l2 knockout mice have an embryonic lethal pheno-
type (Yamada et al., 2003). We concentrated on analyzing
the function of zebrafish mab21l2, the gene absent earliest
in chk, and show that eye defects, including microphthalmia
and increased apoptosis, occur when Mab21l2 expression isinhibited in wild-type (WT) embryos. Our findings indicate
that mab21l2 is an early downstream effector of rx3 and that
it is critical for survival of progenitor cells during eye
formation.Materials and methods
Identification and maintenance of the chkw29 eyeless mutant
The chkw29 mutation was isolated in an ongoing muta-
genesis screen at the University of Washington. Previously,
we have presented preliminary data on the characterization
of this eyeless mutant under the designation eyes missing
(eym). As an independently isolated rx3 mutant chokh has
recently been described (Loosli et al., 2003), we have
renamed our mutants according to the Zebrafish Nomencla-
ture Guidelines (http://www.zfin.org/zf_info/nomen.html).
Zebrafish were maintained on a 14-h light/10-h dark cycle
at 28.5jC. For phase-shift experiments, the light period was
advanced by 8 h and larvae were subjected to the new light/
dark cycle within 5 hpf.
Whole-mount in situ hybridization (WISH)
Expression of zebrafish six3.1, six3.2 (Kobayashi et al.,
1998; Seo et al., 1998), rx1, rx2, rx3 (Chuang et al., 1999),
mab21l1, mab21l2 (Kudoh and Dawid, 2001; Wong and
Chow, 2002) AANAT-2 (Begay et al., 1998; Gothilf et al.,
1999) Emx1 (Morita et al., 1995), BF-1 (Toresson et al.,
1998), TaC (Brockerhoff et al., 2003) and otx2 (Mori et al.,
1994) was analyzed in chkw29 larvae by whole-mount in situ
hybridization as previously described (Barthel and Ray-
mond, 2000; Jowett, 2001).
Cloning of the chkw29 gene
The chkw29 mutation, identified in the AB strain, was
outcrossed with the genetically polymorphic WTWIK strain
for mapping. rx3 on linkage group 21 was evaluated as a
candidate gene for chk by generating a sequence contig of the
rx3 gene from the zebrafish genome sequencing project
(http://www.sanger.ac.uk/Projects/D_rerio/) and then se-
quencing coding exons that were PCR amplified with
intronic primers. Full-length rx3 cDNA from WT and chk
fish was cloned by RT-PCR and then sequenced. Linkage of
a BspEI RFLP in rx3 with chk was evaluated by restriction
digestion of PCR amplified exon 2.
Identification of N156I rx3 (chkhu499)
In an independent F3 generation mutagenesis screen at
the Hubrecht Laboratory (Netherlands), an ENU-induced
anophthalmic zebrafish mutant that did not complement
chkw29 was identified. The full-length rx3 cDNA was
sequenced from two mutants and three normal siblings.
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two of the siblings were heterozygous and one was homo-
zygous WT.
Embryo microinjections
For rescue experiments, a PAC clone spanning the
zebrafish rx3 gene was isolated by PCR screening PAC
library # 706 (http://www.rzpd.de). PCR and Southern
analysis revealed the PAC clone contained the entire rx3
gene plus flanking sequence. PAC DNA was injected at
25 ng/Al. For microinjection of zebrafish rx3, rx2, and
mab21l2 RNA, full-length cDNAs were subcloned into
the pCS2P+ vector, and sense RNA synthesized in vitro
with the mMessage mMachine capped RNA transcription
kit (Ambion Inc.). RNA was injected at 50–200 ng/Al.
Embryos positioned on an agarose injection chamber were
injected using an air pressure regulated Pico Pump (World
Precision Instruments) attached to a Narishige microma-
nipulator and needle holder. Some fish were reared in water
treated with 0.003% 1-phenyl-2-thiourea (PTU) to inhibit
pigmentation. mab21l2 control (5V-CCTCTTACCTCAGT-
TACAATTTATA), antisense-1 (5V-ACTGTAGACCGGA-
GTTTCGCAGTAC; and antisense-2 (5-TGCAATCATGT-
TTGGGCACAGATCC-3) morpholino oligonucleotides
were synthesized by Gene Tools Inc. Morpholinos were
resuspended at 5 mg/ml in Danieau buffer (Nasevicius and
Ekker, 2000) and injected into single-cell WT embryos.
Eye measurements
Eye size and body length was determined by photograph-
ing lateral views of anaesthetized larvae, importing the
images to Adobe Photoshop and determining the number
of pixels in the area occupied by the eye. For each experi-
ment, eye size was normalized to the average eye size of age-
matched sibling controls. For fish under 2 dpf an in situ
hybridization with an rx1 probe was first performed to
highlight the eye tissue.
In vitro transcription–translation
Mab21l2 in vitro transcription/translation reactions
were performed according to the manufacturer’s guide-
lines (Novagen). Briefly, 0.5 Ag of zebrafish mab21l2
cDNA template was transcribed with T7 RNA polymerase
in the presence or absence of 1 Ag of morpholino, and
translated with a rabbit reticulocyte lysate in the presence
of 35-S-methionine.
Whole-mount immunohistochemistry (IHC)
One to 5 days post-fertilization (dpf) larvae, reared in
PTU, were fixed and processed for IHC as described
previously (Kennedy et al., 2001). Primary and secondary
antibodies were incubated overnight at room temperature.Immunolocalization and western blotting of Mab21l2 fusion
protein
AHA-Mab21l2 fusion protein construct was generated by
cloning the zebrafish mab21l2 cDNA downstream of the N-
terminal HA tag in pCMV-HA (Clontech). COS-7 cells were
transfected with the HA-mab21l2 construct using Fugene
liposomes (Roche Biochemical). The fusion protein was
localized in transfected cells using a rat-HA tag antibody
(Roche Biochemicals clone 3F10) detected with an Alexa
594-conjugated donkey anti-rat secondary antibody (Molec-
ular Probes). Cells were counterstained with 4V,6-diamidino-
2-phenylindole (DAPI; Molecular Probes). Lysates of trans-
fected cells were also analyzed by Western blotting using a
monoclonal HA-specific antibody crosslinked to peroxidase
(Roche Biochemical) and the ECL (Amersham) detection
system.
Plastic sections
Larval zebrafish at 3 dpf were embedded, sectioned,
and stained as previously described (Brockerhoff et al.,
1995).
Detection of apoptotic and mitotic cells
Apoptotic cells in whole-mount zebrafish were labeled by
terminal UTP nick-end labeling (TUNEL) using the fluores-
cein in situ cell death detection kit according to the manu-
facturer’s instructions (Roche Biochemicals). Mitotic cells
were labeled with the anti-phosphohistone H3 antibody
(1:1000; Upstate Biotechnology) and Cy3-conjugated goat
anti-rabbit secondary antibody (1:200; Jackson Immunore-
search). Nuclei were counter-labeled with DAPI (Molecular
Probes). Labeled cells were imaged by a Zeiss 2-photon
laser-scanning confocal microscope.
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Isolation of the chk mutation
In ongoing F3-generation screens for recessive zebrafish
mutants, two anophthalmic mutants were independently
identified through the striking failure of eye development
(Figs. 1A and B). Pairwise matings between carriers
showed that the two mutants did not complement each
other. The absence of eyes causes a dramatic expansion of
melanophores. The mutant larvae, called chkw29 and
chkhu499, appear much darker than their wild-type (WT)
siblings (Figs. 1C and D), a common phenotype for
mutations that affect the visual system (Neuhauss, 2003).
Homozygous chk mutants develop swim bladders and
survive until approximately 12 days post-fertilization (Fig.
1D). They do not eat, so it is likely that they die from
starvation. Besides the eyeless phenotype, chk fish appear
B.N. Kennedy et al. / Developmental Biology 270 (2004) 336–349 339morphologically normal with major organs including nose,
mouth, olfactory bulbs, ear, and heart appearing normal
(Fig. 1).
Mapping and identification of the chk gene
Single strand conformational polymorphism analysis
(Foernzler and Beier, 1999) using simple sequence length
polymorphic markers Z10432 and Z7925 (http://www.zfin.
org) mapped chkw29 to linkage group 21. Since rx3, a member
of the Rx gene family known to be important for eye
formation (Loosli et al., 2001; Mathers et al., 1997), maps
to this linkage group, we evaluated rx3 as a candidate for chk.
Sequence analysis of rx3 exon 2, amplified from genomic
DNA, and of full-length rx3 cDNA, amplified by RT-PCR,
identified a T to A mutation in exon 2 of all chkw29 larvae
(Fig. 1E). This nucleotide change introduces a premature stop
codon at amino acid Y133 (Y133X) in the DNA-binding
homeodomain of rx3 (Fig. 1F). Sequence analysis of the rx3
gene from chkhu499 identified a missense mutation within the
homeodomain. The mutation converts a conserved aspara-
gine to isoleucine at position 156 in the amino acid sequence
of Rx3, FQNRR to FQIRR. Basewise, it is a change from
TTC CAA AAC CGT CGA to TTC CAA ATC CGT CGA.
Both alleles are recessive, consistent with both mutations
producing non-functional proteins. Two additional pieces of
data confirm that the mutations in rx3 cause the chk pheno-
type. First, a BspEI restriction fragment linked polymorphism
introduced by the chkw29mutation always segregates with the
chk phenotype (n > 50) (Fig. 1G). Secondly, microinjection of
a zebrafish PAC clone containing the entire rx3 gene with
flanking sequence rescues the eyeless phenotype (Table 1).
The observed number of eyeless fish (48 out of 253, or 19%)
was significantly less (P < 0.027, chi-squared test) than the
expected number (63 out of 253 or 25%). Thus, the chk
phenotype is caused by mutations in the zebrafish rx3 gene.
Our initial analysis of chkw29 and chkhu499 suggested the
phenotypes of the different alleles were similar. The remain-
ing experiments in this report are done with the nonsense
allele, chkw29.Fig. 1. The chk phenotype. Lateral views of WT siblings (A) and
anophthalmic chkw29 (B) embryos at 30 hpf. Anterior is to the left. Six
dpf dorsal (C) and 9 dpf lateral (D) comparisons of WT (top) and chk
(bottom) larvae. Anterior is to the left. Note the expanded melanophores and
the presence of a swim bladder in chk. (E) chkw29 is caused by a stop codon
in the rx3 gene. Primary sequence data comparing WT and chkw29 rx3 near
the mutation. (F) Schematic of the protein domain structure of rx3 and the
position of the premature stop codon within the homeodomain. (G) chkw29
fish can be identified by a RFLP that eliminates a BspEI restriction site. rx3
exon 2 was PCR amplified, digested with BspEI and separated by agarose
gel electrophoresis. In homozygous chk mutants, both rx3 alleles lack the
BspEI site, whereas chk carriers (hets) andWT fish are cut by BspEI at one or
both rx3 exon 2 alleles, respectively. (H–M) The expression pattern of rx3
transcript in WT (H, J, and L) and chk (I, K, and M) embryos. Note the
normal expression of rx3 in the chkw29 eye field and continued expression in
the hypothalamus at later stages. Anterior is to the left. Dorsal views (H, I, L,
M), lateral views (J, K). Hypo = hypothalamus.
Table 1
Microinjection of a WT rx3 PAC clone restores eyes in approximately 25%
of chk embryos
Treatment No. of fish
with eyes
No. of fish
without eyes
Chi-squared
test P value
rx3 PAC injected
Expected 189.75 63.25 0.027
Observed 205 48
Uninjected
Expected 54 18 0.586
Observed 56 16
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Once we identified mutations in rx3 as the basis of the
eyeless phenotype in chk, we analyzed the expression of rx3
mRNA in mutant embryos (Figs. 1H–M). In WT and chk
larvae, rx3 initially has a normal spatial and temporal
expression pattern within the eye field (Fig. 1H, I), indicating
that the mutant transcript is not degraded by nonsense
mediated decay (Byers, 2002; Lykke-Andersen, 2001).
However, at 15 hpf, when rx3 is expressed in the evaginated
optic vesicles of WT larvae, rx3 is undetectable within eye
precursors of chk embryos (Figs. 1J and K). This finding is
consistent with chk lacking evaginated optic vesicles at 15
hpf. In contrast, we found that rx3 expression (and six3.2
expression, see below) within the presumptive hypothalamus
remained normal from onset during gastrulation to the latest
stage analyzed at 50 hpf (Figs. 1J–M and data not shown).
The continued expression within the hypothalamus suggests
that rx3 is more critical for development of the eye than the
hypothalamus.
Analysis of chk specificity
To determine if chk was associated with gross develop-
mental defects of the brain, we analyzed markers of telen-
cephalic and diencephalic development. Whole-mount in
situ hybridization (WISH) with the forebrain markers
Emx1 and BF-1 (Morita et al., 1995; Toresson et al.,
1998), revealed normal development of telencephalic pre-
cursors at 15 hpf in chk and WT sibling embryos (Figs. 2A–
D and data not shown). In contrast, the defect in eye
development, due to the absence of rx3, can be observed at
this stage by the failure of optic vesicles to evaginate from
the forebrain (Figs. 2C and D). The diencephalon also
appears to develop normally in chk embryos based on
characteristic staining of the pineal with the alpha subunitFig. 2. Lateral (A, B) and dorsal (C, D) whole-mount views of Emx-1 transcript ex
hpf. Note the absence of optic vesicle evagination in chkw29 larvae (D). Anterior i
pineal gland of WT (E) and chkw29 (F) larvae at 3 dpf. Anterior is to the top. Latera
and chk (H) embryos at 4 dpf. Anterior is to the left. op = optic vesicle. (I) Circadia
larvae at 3–4 dpf. Thin arrows point to times when embryos were fixed. Fat bl
expression is turned on just before darkness and is off in the light. Fish are on the n
in the lower panel.of cone transducin (TaC; Figs. 2E and F), and the zpr1 and
zpr2 antigens at 3–4 dpf (Figs. 2G and H and data not shown
Brockerhoff et al., 2003). We did not detect staining within
the eye region of chk using these markers, whereas robust
staining was observed in WT siblings (data not shown).
Subsequent analysis of additional markers of the hypothal-
amus (rx3, six3.1), tectum (mab21l2), and midbrain (otx2)
were also consistent with normal development of these brain
structures in chk (see below).
Circadian gene expression in the absence of eyes
Mutations in murine Rx are associated with defects in the
entrainment of circadian rhythms (Faradji-Prevautel et al.,
1990; Laemle and Ottenweller, 1998; Tucker et al., 2001).
To assess if this brain function is compromised in chk, we
monitored expression of aryl-alkylamine N-acetyl transfer-
ase 2 (AANAT-2) in chk mutants by WISH. AANAT-2 is the
penultimate enzyme in melatonin synthesis and is expressed
with circadian periodicity in the zebrafish pineal at both the
mRNA and protein levels (Gothilf et al., 1999). Despite the
absence of eyes, chk fish maintained on a 14-h light/10-
h dark cycle exhibit synchronized circadian expression of
ANAAT-2 in the pineal with expression of AANAT-2
peaking during the dark phase (Fig. 2I). Furthermore, chk
mutants remain responsive to light as the circadian period-
icity of AANAT-2 expression is reset when the light/dark
cycle is phase-shifted by 8 h (Fig. 2I, lower panel). Thus,
anophthalmic zebrafish resulting from the loss of rx3
function display synchronized, entrained circadian rhythms.
Marker expression and chk target identification
As downstream targets of rx3 have not been identified,
we analyzed the expression of several eye formation genes
in the chk background. To distinguish genes whose absence
could cause the eyeless phenotype from genes that are
absent as a result of the eyeless phenotype, we targeted
our expression analysis to genes expressed in the eye field at
10–15 hpf (Fig. 3).
otx2 is a member of the orthodenticle paired-like home-
odomain transcription factors (Simeone et al., 2002). Ini-
tially, otx2 is expressed throughout the developing forebrain
but subsequently is repressed, perhaps by Rx genes, in the
domain from which the eye develops (Andreazzoli et al.,
1999; Li et al., 1994; Mori et al., 1994). We tested the
hypothesis that the chk eyeless phenotype results from a
failure to repress otx2 expression in the eye field. However,
in both WT and chk larvae, otx2 expression was appropri-pression in the telencephalon (tel) of WT (A, C) and chk (B, D) larvae at 15
s to the left. Dorsal whole-mount views of TaC transcript expression in the
l views of whole-mount immunodetected zpr1 in the pineal gland of WT (G)
n periodicity of AANAT-2 expression in the pineal gland of WT and chkw29
ack arrows point to AANAT-2 staining within the pineal. Note AANAT-2
ormal light–dark cycle in the upper panel, and on an 8-h phase-shifted cycle
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and AV).
As members of the six3, rx, and mab21l gene families are
expressed in primitive zebrafish eye structures, we exam-
ined their expression in the context of the chk mutant. The
expression of the six3.1 and six3.2 genes appears normal in
chk embryos during eye field patterning at 10–11 hpf (Figs.
3B, BV, D, DV). rx1, although reduced, is expressed in the
eye field of chk embryos as late as 15 hpf (Figs. 3F and FV).
At later stages, six3.1, six3.2, and rx1 are absent in the
developing eye consistent with the morphological absence
of eye structures, though six3.2 remains expressed in the
hypothalamus (Figs. 3C, CV, E, EV, G, GV and data not
shown).
In contrast, we discovered that transcripts of the mab21l2,
rx2, and mab21l1 genes were undetectable in the eye field or
optic primordia of chk (Figs. 3H–N, HV–NV). This suggests
that these genes are targets of rx3. In WT embryos, rx2 and
mab21l1 are expressed in the optic primordia at approxi-
mately 13 and 14 hpf, respectively (Chuang et al., 1999),
shortly after the onset of rx3 expression, and continue to be
expressed in the evaginated optic vesicles at approximately
15–17 hpf (Figs. 3H–K). However, no rx2 or mab21l1
transcript is observed at corresponding stages in chk larvae
(Figs. 3 HV, IV, JV, KV). In WT embryos, zebrafish mab21l2 is
expressed in progenitors of the eye and tectum at 11 hpf and
progressively down-regulated between 22 and 35 hpf
(Kudoh and Dawid, 2001; Wong and Chow, 2002). In
contrast to WT embryos, mab21l2 is undetectable in retinal
precursors of chk larvae at 11–26 hpf, though expression in
the tectum is unaffected (Figs. 3L, LV, M, MV, N, NV and data
not shown).
Overall, our results demonstrate that mab21l2, rx2, and
mab21l1but not six3.1, six3.2, rx1, or otx2—require the rx3
transcription factor for expression during early eye morpho-
genesis. Furthermore, rx3 is not required for otx2 repression
in the eye field.
Mab21l2: cellular and subcellular expression
A role for zebrafish rx2 during eye development has
previously been demonstrated through overexpression
experiments that result in ectopic retinal tissue (Chuang
and Raymond, 2001). Knockout of mouse mab21l1 has
implicated a role for this gene in lens development (Yamada
et al., 2003). Thus, we concentrated on the mab21l2 gene as
(i) it is the earliest identified target of rx3 and (ii) because
loss-of-function analyses in mice are not informative due to
embryonic lethality (Yamada et al., 2003).
Previous localization studies documented abundant
mab21l2 expression in zebrafish retinal progenitor cells
(RPC) with progressive down-regulation at approximately
24 hpf during eye neurogenesis (Kudoh and Dawid, 2001;
Wong and Chow, 2002). We analyzed ocular mab21l2
expression at later stages in WT zebrafish, and determined
that mab21l2 continues to be strongly expressed in RPCsresiding in the circumferential germinal zone (Fig. 4A).
These proliferating progenitors in the retinal margin add
new retinal cells as the zebrafish eye grows throughout
adulthood (Fernald, 1990; Otteson and Hitchcock, 2003).
At 3 dpf, mab21l2 probes also stain the perimeter of the lens,
which is the location of proliferating lens cells (Fig. 4A;
Kuszak, 1995). In addition to this expression in proliferating
cells, we also observed weaker mab21l2 expression in the
differentiated amacrine and ganglion cell layers at 3 dpf
suggesting a specific role in these cell types (Fig. 4A).
To further investigate the role of mab21l2, we determined
its sub-cellular location. We tagged mab21l2 cDNA at the N-
terminus with a HA cDNA and transiently transfected this
expression construct into COS-7 cells. A single polypeptide
of the correct predicted molecular weight was detected by
Western blot indicating that the fusion was expressed and
stable (data not shown). Fluorescence microscopy of trans-
fected COS-7 cells revealed that the Mab21l2 fusion protein
co-localized with the DAPI stain in >90% of the cells
examined and therefore localizes within the nucleus (Fig.
4B). We verified the specificity of this result by overexpress-
ing other HA-tagged markers that localize to different
cellular compartments (data not shown).
Mab21l2: ‘gain-of-function’ analysis
If a sole effector of rx3 exists, we reasoned that over-
expression of such an effector could rescue the eyeless
phenotype of chk. However, injection of mab21l2 RNA into
fertilized eggs from chk carriers did not significantly alter the
number of anophthalmic fish (25%): mab21l2 RNA injected
fish appeared statistically indistinguishable from uninjected
fish (Table 2). This result suggests that mab21l2 is not a sole
effector of rx3. We obtained similar results when we injected
rx2 RNA into the progeny of chk carriers. However, we
cautiously interpret that this data, as the incorrect temporal
and spatial expression that is inherent to RNA injection
experiments, may not reproduce the function of these genes.
For example, other investigators and we have found that
injection of rx3 RNA inhibits eye formation. (Table 2 and
Chuang and Raymond, 2001).
Mab21l2: ‘loss-of-function’ analysis
Our initial findings suggested a role for Mab21l2 in the
nucleus of proliferating cells. To confirm this, we analyzed
the loss of Mab21l2 phenotype by injecting antisense mor-
pholino oligonucleotides to ‘knock down’ Mab21l2 protein
levels (Nasevicius and Ekker, 2000). In vitro transcription/
translation reactions (Novagen) confirmed that the mab21l2
morpholino-1 could inhibit Mab21l2 protein expression. The
level of 35-S-methionine labeled Mab21l2 was significantly
reduced in the presence of the mab21l2-antisense-1 morpho-
lino, but not in the presence of the control morpholino (data
not shown). WT embryos were microinjected with the
mab21l2 or control morpholinos and eye morphology com-
Fig. 3. Expression patterns of transcripts for eye development genes in WT (A–N) and chk (AV–NV) embryos. A–AV. Normal repression of otx2 expression in
the forebrain of both WT and chkw29 larvae at 14 hpf. B–E, BV–EV. The initial expression of six3.1 and six3.2 in the eye field is unaffected by the absence of
RX3 (B, BV, D, DV). At later stages when these genes are abundant in the evaginated optic vesicles of WT fish (C, E), they are absent in chkw29 embryos
consistent with the absence of these structures (CV, EV). Note the continued expression of six3.2 in the chkw29 rostral hypothalamus (CV) at 24 hpf. F–G, FV–GV.
In chkw29, rx1 is initially expressed, though at reduced levels compared to WT embryos (F, FV). Again, at later stages rx1 expression is absent in chk but
abundant in WT fish (G, GV). H–N, HV–NV. mab21l1, rx2, and mab21l2 are absent in the chkw29 eye field at stages when rx1, six3.1 and six3.2 are expressed
(compare HV, JV, LV with BV, DV, FV). Note the continued expression of mab21l1 and mab21l2 in the chk tectum and lens (HV, IV, LV, MV, NV) at 26 hpf. Tec =
tectum: rh = rostral hypothalamus; op = optic vesicle; fb = forebrain; mb = midbrain. Anterior is down for B, C, D, BV, CV, DV. In all other panels, anterior is
towards the left.
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Fig. 4. (A–B) Ocular and subcellular localization of mab21l2 expression.
(A) In situ hybridization experiment identifying mab21l2 mRNA in the
circumferential germinal zone (cgz), amacrine cells (ama) and ganglion
cells (gan) of the developed eye. (B) Localization of a Mab21L2 fusion
protein to the nucleus of transiently transfected COS-7 cells. Blue staining
indicates DAPI. Asterisks mark cells showing co-localization between red
Mab21l2 staining and blue DAPI staining.
Fig. 5. Knockdown of Mab21l2 results in microphthalmia and incomplete
retinal development at 3 dpf. (A) Graph highlighting the changes in average
eye size, normalized to body length, after injection of the indicated
concentrations mab21l2 or control morpholinos into WT embryos. A
specific morphant phenotype is observed with 1.5–5 mg/ml of mab21l2
morpholino. Error bars represent the standard error of the mean. (B–C)
Overall morphology of wild-type embryos injected with 1.5 mg/ml control
(B) or mab21l2 morpholino. Inset shows the typical eye size observed with
these treatments. (D–F) Representative 1 Am thick plastic sections through
B.N. Kennedy et al. / Developmental Biology 270 (2004) 336–349344pared at various time-points (Fig. 5). By 3 dpf, the eye size of
Mab21l2 morphant fish was reduced by approximately 50%
compared to control-injected fish (Figs. 5A–C). A dose-
response profile indicated a specific reduction in eye size
with the mab21l2 antisense-1 morpholino, injected at 1.5–5
mg/ml (Figs. 5A–C). Similar results were obtained with a
second mab21l2 morpholino (antisense-2). Injection of a
control morpholino at equivalent concentration did not
significantly alter eye size. Other than the microphthalmia,
the mab21l2 morphants appear morphologically normal,
including equivalent body lengths to control-injected fish
(Figs. 5B and C). Consistent with previous reports (Nasevi-
cius and Ekker, 2000), control and mab21l2 morpholinos at
higher concentrations of 10 mg/ml produced non-specific
developmental defects such as edema and body malforma-
tions (data not shown).
To determine in more detail the consequences of Mab21l2
knockdown, we sectioned the retinas of morphant fish at 3
dpf. In a normal zebrafish retina at 3 dpf, the retina is clearly
laminated and all the major cell types have differentiated. In
contrast, we found major defects in the retinal morphology of
Mab21l2-knockdown fish (Figs. 5D–G). Although some
lamination is clearly evident, both the inner plexiform layer
(IPL) and the outer plexiform layer (OPL) are discontinuous
(see arrows, Fig. 5G). Furthermore, holes within the lens and
marginal zone suggest that cell death has occurred within
these areas. Thus, by 3 dpf, the retina from Mab21l2
morphant fish showed evidence of cell death, particularlyTable 2
Result from RNA injection experiments
Expected Observed Chi-test
P value
Experiment +eyes eyes +eyes eyes
Rx3 RNA injected 180.75 60.25 157 84 0.000
Uninjected 282 94 293 83 0.190
Rx2 RNA injected 80.25 26.75 79 28 0.780
Uninjected 61.5 20.5 62 20 0.899
mab2112 RNA
injected
132.75 44.25 124 53 0.129
Uninjected 28.5 9.5 31 7 0.349
the midbrain and eye of control injected (D and F) and mab21l2
morpholino-injected larvae (E and G) are shown. Several fish were
analyzed. Black arrows point to discontinuities within the OPL and IPL.
White arrow points to discontinuities within the morphant optic nerve (ON).
Asterisks show the presence of holes suggestive of cell degeneration. Note
the presence of holes at the retinal margin and surrounding the lens. Similar
results were obtained with two independent morpholinos against mab21l2.in the lens and marginal zone, and delayed or defective
differentiation (OPL and IPL incomplete).
Since both the retinal margin and lens periphery contain
proliferating cells, we hypothesized that mab21l2 plays a
critical role in undifferentiated eye progenitors during early
eye formation. To further test this idea, we evaluated the eye
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the eye is distinct for measuring, yet no retinal cells have
fully differentiated (Burrill and Easter, 1995; Laessing and
Stuermer, 1996). To facilitate measurement of the eye at this
stage, we labeled control-injected and morphant fish eyes
with the riboprobe for rx1 (Figs. 6B–C). Knockdown of
Mab21l2 at 24 hpf causes approximately 20% mean reduc-
tion in eye size. Consistent with the expression ofmab21l2 in
the tectum, we also observed a reduction in tectum size in the
Mab21l2 morphants (data not shown).
We hypothesized that the microphthalmia in Mab21l2
morphants might result from an altered progression through
the cell cycle or an increase in apoptosis. We performed IHC
and analyzed the Mab21l2 morphant fish at 24 hpf using 2-
photon confocal laser scanning microscopy. DAPI staining
indicated that the retina and lens of mab21l2 morphant fishFig. 6. Mab21l2 morphant phenotype at 24 hpf. (A) Quantification of eye
size at 24 hpf identified an approximately 20% decrease in eye size for
Mab21l2 morphants in comparison to fish injected with equivalent doses of
the control morpholino. Error bars represent the standard error of the mean.
(B–C) In situ hybridization experiment using rx1 riboprobe highlights
abnormalities in the eye shape and size of Mab21l2 morphant fish. (D–E)
Images shown are the overlay of >40 stacked z-series confocal images,
scanning in 0.84-Am slices. A dramatic increase in the number of apoptotic
nuclei, and an obvious decease in the total number and organization of eye
cells is observed in Mab21l2 morphant fish. Blue highlights DAPI-stained
nuclei, green denotes TUNEL-positive apoptotic cells.contained fewer cells and that the cells were disorganized
(Figs. 6D and E and data not shown). Analysis of mitotic
cells with a phosphohistone H3 antibody did not reveal a
gross difference between the number of proliferating cells in
the eye of morphant andWT fish (data not shown). However,
labeling of apoptotic cells by TUNEL demonstrated a
dramatic increase in the number of retinal progenitors
undergoing programmed cell death in the Mab21l2 knock-
down fish. Apoptotic cells were detected in both the lens and
the retinal neuroepithelium (Figs. 6D and E). This result
suggests that mab21l2 plays a critical role in the survival of
proliferating retinal progenitor cells.Discussion
In this study, we isolated two alleles of chk, zebrafish
mutants with anophthalmic phenotypes. We determined that
mutations in the zebrafish retinal homeobox 3 (rx3) gene
cause the eyeless phenotype. Although the essential role of
Rx genes in vertebrate eye formation is known from previous
loss-of-function studies in mouse, medaka (Mathers et al.,
1997; Winkler et al., 2000) and zebrafish (Loosli et al.,
2003), downstream regulators of Rx transcription factors
during eye development, have not been identified. Our
expression analysis determined that, in contrast to WT
siblings, mab21l2, rx2, and mab21l1 are undetectable in
the chk eye field at stages when other eye markers are
expressed. Subsequent expression and loss-of-function anal-
yses demonstrate a critical role for mab21l2 in the survival of
eye progenitor cells.
Rx mutant phenotypes
As a result of gene duplication and divergence, the
composite expression of the three zebrafish, or two medaka,
rx genes recapitulates the expression pattern of the single
murine Rx gene (Loosli et al., 2001; Mathers et al., 1997).
Zebrafish/medaka rx3 is the first paralogue to be expressed
in eye precursors followed by rx2/rx1. Later in gastrulation,
rx3 becomes abundant within the presumptive hypothalamus
but repressed within the splitting optic primordia—in which
rx1/rx2 remains abundant (Chuang et al., 1999). Surprising-
ly, it is mutations in rx3—the paralogue with predominant
hypothalamic expression—that are associated with anoph-
thalmia in medaka and zebrafish. Furthermore, in contrast to
the requirement of rx3 for eye development, our analysis
suggests that rx3 is not required for early hypothalamic
development.
Loosli et al. (2001, 2003) recently reported that a
hypomorphic allele of medaka rx3 causes anophthalmia in
the spontaneous eyeless mutant and a null allele in rx3
causes anophthalmia in zebrafish. In our study, we also
uncover mutations in the rx3 gene that are responsible for
zebrafish anophthalmia. Our study extends the previous
analyses of Rx mutants by analyzing circadian rhythms,
Fig. 7. Schematic for interaction between eye development genes. Our
study provides evidence that mab21l2, rx2, and mab21l1 are downstream of
rx3 whereas rx1 seems at least partially controlled by a separate pathway.
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targets.
Not surprisingly, since our zebrafish mutant and that
reported by Loosli et al. (2003) are in the same gene, we
find a very similar phenotype to the one they describe. In
contrast, the phenotypes of the fish rx3 mutants are distinct
to the mouse Rx mutants which have been associated with
anophthalmia, loss of fore- and mid-brain, circadian rhythm
defects, and neonatal death (Faradji-Prevautel et al., 1990;
Laemle and Ottenweller, 1998; Mathers et al., 1997; Tucker
et al., 2001). In fish rx3 mutants, the optic primordia fail to
evaginate from the forebrain, but unlike the mouse Rx
knockout, gross defects in brain morphology are not ob-
served in the fish mutants. Analysis of the medaka and
zebrafish rx3 mutants has revealed the eye field to be
patterned normally during gastrulation. However, optic pri-
mordia fail to evaginate from the forebrain during somito-
genesis. Detailed characterization of medaka eyeless
determined that the failure to evaginate was coupled with
an accumulation of (retinal) cells in the lateral wall of the
prosencephalon, and elevated levels of apoptosis such that
retinal tissue fails to differentiate (Winkler et al., 2000).
Analysis of gene expression in the developing eye field
and brain have established that the phenotype of the zebra-
fish and medaka rx3 mutants is very specific to eye mor-
phogenesis. Both the overall morphological organization of
the brain as well as the initial patterning of the eye field
appears normal. We determined that patterns of gene expres-
sion in the telencephalon, pineal, tectum, and hypothalamus
of chk are indistinguishable from wild-type zebrafish. In
addition, we show that, in contrast to the hypomorphic Rx
mouse (Faradji-Prevautel et al., 1990; Laemle and Ottenw-
eller, 1998), chk fish have functional circadian rhythms.
Analysis of pineal AANAT-2 expression demonstrates that
circadian rhythms in anophthalmic chk zebrafish can be
synchronized and entrained to environmental lighting con-
ditions. Therefore, the photoreceptors in the eye, including
rod, cone, and ganglion cells are not essential for circadian
entrainment. We have not determined the location of the
circadian photoreceptor in chk zebrafish but postulate that it
is within the pineal. We note that subtle abnormalities in
brain structure are detected in the viable adult medaka
mutants (Ishikawa et al., 2001) that may also be present in
zebrafish rx3 mutants.
Downstream targets of Rx3
Despite the identification of many homeobox transcrip-
tion factors (e.g., Pax6, Six3, Rx) that are needed for normal
eye development, (i) the hierarchy of factor regulation is
poorly understood and (ii) few cellular targets transcribed by
these factors have been identified. We decided to specifically
seek downstream targets of Rx genes during eye morpho-
genesis. Expected targets are genes that control cell prolif-
eration, cell migration, apoptosis, and differentiation.
Biochemical approaches to identify such downstream targetsare not straightforward since the core target element identi-
fied for Rx (TAAT) is the same for many other homeobox
factors. We surmised that chk would provide an opportunity
to identify genes regulated by rx3 in vivo. We selectively
evaluated the expression of genes known to have a similar
temporal expression as rx3 in the eye field. Our analysis
demonstrates that the six3.1, six3.2, and rx1 homeobox genes
do not require rx3 for expression. In addition, rx3 is not
required for repression of otx2 in the forebrain. However,
mab21l2, rx2, and mab21l1 are undetectable in the eye field
of chk mutants. Transcripts from these genes are absent in
chk, (i) approximately 2–4 h after the onset of rx3 transcrip-
tion, (ii) before morphological signs of anophthalmia, (iii) at
development stages in which they are abundant in WT
siblings, and (iv) at stages when other eye field markers
are expressed in chk. Thus, mab21l2, rx2, and mab21l1 are
likely to be downstream effectors of rx3 (Fig. 7).
A previous study has demonstrated that zebrafish rx2 is a
key regulator of eye development. Overexpression of rx2
causes an expansion of the zebrafish eye field (Chuang and
Raymond, 2001). The complete absence of rx2 in chk
suggests that rx2 is likely to be a downstream target of
rx3. This contrasts with the medaka eyeless mutant in which
rx2 expression persists in the absence of rx3 (Winkler et al.,
2000). However, since an rx1 gene has not been identified in
medaka (Chuang and Raymond, 2002; Loosli et al., 2001),
the medaka rx2 gene may execute the combined functions of
the zebrafish rx1 and rx2 genes. Interestingly, the expression
of rx1 is reduced in chk, but not absent, suggesting that there
is cross talk between rx3 and the pathway that regulates rx1
during eye formation.
Mab21l2 is required for eye morphogenesis
Twomab21-like genes (mab21l1 andmab21l2) have been
identified in vertebrates (Mariani et al., 1999). Mouse knock-
outs reveal a critical role for Mab21l1 in lens induction,
whereas Mab21l2 knockout mice apparently have an embry-
onic lethal phenotype (Yamada et al., 2003). Since mab21l2
is the earliest undetectable transcript downstream of rx3 in
chk mutants and since the function of mab21l2 in eye
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experiments in this study on elucidating the role of mab21l2
on this pathway. Zebrafish Mab21l2 is a 359 amino acid
protein of unknown function that shares significant homol-
ogy to C. elegans mab21.C. elegans mab21was identified in
mutagenesis screens as an important regulator of cell fate
choice in the male tail (Chow et al., 1995). Mab21-like
proteins exhibit no significant homology to other proteins.
They are predicted to be soluble proteins as sequence analysis
does not reveal consensus transmembrane domains.
A role for mab21l2 in eye formation has been suggested
based on its expression in the eye field and in the undiffer-
entiated eye (Kudoh and Dawid, 2001; Mariani et al., 1998;
Wong and Chow, 2002). To extend on these observations,
we first analyzed mab21l2 expression during later stages of
retinal development. We determined that mab21l2 continues
to be expressed in eye progenitors of the retinal margin at 72
hpf and also in undifferentiated proliferating cells that
surround the lens. rx1 and rx2 are also expressed at the
retinal margin late in zebrafish retinal development suggest-
ing that rx genes may continue to regulate mab21l2 at this
stage (Chuang et al., 1999). mab21l2 expression in the lens
primordium is unaffected in chk larvae suggesting that
initial lens patterning does not require rx3-mediated tran-
scription or retinal morphogenesis. This finding is consis-
tent with other reports showing that inductive signals from
the retina are required for complete lens morphogenesis, but
not for initial patterning of the lens (Furuta and Hogan,
1998). Thus, mab21l2 appears to function in eye progenitor
cells.
To gain further insights into mab21l2 function and to
determine if mab21l2 is the sole effector of rx3, we per-
formed loss- and gain-of function experiments. Experiments
in which translation of Mab21l2 protein is inhibited by
antisense morpholino oligonucleotides provided further in-
formation about mab21l2 function (Figs. 6 and 7). ‘Knock-
down’ of Mab21l2 by this method specifically results in an
approximately 50% decrease from normal eye size at 72 hpf,
and an approximately 20% decrease from normal eye size at
24 hpf. Cells deficient in Mab21l2 protein do not appear
blocked at a specific stage of the cell cycle as we did not
observe gross differences between the mitotic index of
retinal progenitors between normal and Mab21l2-deficient
cells at 24 hpf. However, at 24 hpf, we did observe
substantially higher levels of apoptosis in the retina and lens
of Mab21l2 morphants. At this stage, cells within the retina
have not differentiated (Burrill and Easter, 1995; Laessing
and Stuermer, 1996) suggesting that eye progenitor cells are
undergoing apoptosis. As knockdown of Mab21l2 partially,
but not fully, phenocopies chk, it appears that mab21l2 is
likely only one of multiple downstream effectors of rx3. This
is consistent with our finding that injection of mab21l2 RNA
does not rescue the chk phenotype.
In summary, we independently identified two eyeless
zebrafish in mutagenesis screens. Apart from the anophthal-
mia, chk mutants appear to have normal brain morphology,normal gene expression patterns in the brain, and normal
circadian rhythms. Positional and candidate gene analyses
led to the identification of mutations in rx3 as the cause of the
anophthalmic phenotype. Our findings demonstrate that rx3
is required for expression ofmab21l2 and thatmab21l2 plays
a critical role in early eye development by maintaining the
viability of undifferentiated progenitor cells in the immature
retina, lens, and circumferential germinal zone. We also
uncovered mab21l2 expression in differentiated amacrine
and ganglion cells suggesting a second role later in eye
development. Several genes including pax6, the rx genes,
and otx2 also play multiple roles in eye development
(Ashery-Padan et al., 2000; Chen and Cepko, 2002; Viczian
et al., 2003). Our subcellular localization of a Mab21l2
fusion protein to the nucleus of COS-7 cells suggests that
Mab21l2 has a nuclear function. Future experiments will
address the specific biochemical role of Mab21l2 in the
nucleus in both proliferating and differentiated cells.Acknowledgments
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